In this paper, we study gap effects and apparent slip phenomena in a torsional flow of a moderately concentrated hydrophobically modified associative polymer solution.Slip is investigated by varying the gap between concentric parallel disks, and the plate surface roughness.The onset of apparent slip is shown to occur when the associative network is destroyed, and the slip velocity to increase with increased shear stresses in the strong shear-thinning region of the flow curve.The apparent slip phenomenon is shown to be due to the associative character of the polymer solution; it has been attributed to the existence of clusters of associating polymers (microgels),which behave like soft particles in a low viscous dispersing medium once the associative network is destroyed.Apparent slip can be eliminated by using measuring plates with roughness of about 100µm, that is of the order of the characteristic size of the microgels.
INTRODUCTION
The no-slip boundary condition for the fluid velocity close to a solid surface is known to be violated, above some shear stress, in numerous flowing complex fluids, from polymer fluids and melts to suspensions [1, 2] . Obviously, concentrating on viscometry, the presence of slip phenomena strongly affects the rheological measurements, as studied thoroughly by Brunn et al. [3] . tion-microscope anemometry to measure the velocity of submicron-sized tracer particles, as shown by Müller-Mohnssen et al. [5] .
Yet, in most studies, slip flow is inferred from indirect mechanical investigation using rheometrical techniques [2] ; one of them is to study the rheometrical effects of varying the rheometer gap with different tool surface conditions, as shown, for example, in the experimental work by Buscall et al. [6] on weakly flocculated dispersions, and Hatzikiriakos and Dealy [7] on polyethylene melts. In this paper, this technique is used to study the apparent slip phenomena of a water soluble associative polymer solution in a rheometrical flow; the parallel plate geometry is used for reasons of ease of use, as shown by Yoshimura and Prud'homme [8] .
Associative polymer solutions constitute a class of materials of great interest in numerous applications because of their peculiar linear and non-linear rheology [9, 10] . To our knowledge, this paper presents one of the first studies [11] of apparent slip in solutions of such polymers. The linear and non-linear rheological behaviors of aqueous hydrophobically associating polymer solutions very similar to those studied in this work have been characterized in a previous study [12] , but the possibility of slip has not been thoroughly examined hitherto. Still, the existence of discontinuous shear-thinning above some critical shear stress in the flow curve of these associative polymer solutions leads to think that the presence of slip is quite possible [6] . Besides, the existence of phase separation mechanisms in associative polymer solutions [9] suggests that such systems may exhibit mesoscopic heterogeneity, which could induce apparent slippage under flow conditions, like that observed in many disperse systems.
EXPERIMENTAL

MATERIALS
The polymers used in this study have been supplied by Lamberti s.p.a. (Albizzate, Italy). They are of two types: a non-modified (hydroxypropyl) guar, namely the precursor, and a hydrophobically modified (hydroxypropyl) guar, obtained by reaction of the precursor with C 22 n-alkyl epoxides. Both polymers have nearly the same mo-lecular characteristics: the weight average molecular weight is about 2 * 10 6 g/mol, corresponding to a degree of polymerization of about 3000, and the polydispersity index is about 1.5. The average number of hydrophobic substituents per hydrophobically modified polymer chain is quite difficult to ascertain, but it is expected to lie between 0 and a few tens, according to the patent by Molteni et al. [13] .
The rheological properties of hydrophobically modified (hydroxypropyl) guar in water solutions have been previously characterized at different concentrations and under different experimental conditions [12, [14] [15] [16] . In this work the study of slip phenomena is carried out with a 1% w/w hydrophobically modified polymer solution, that is in the concentration regime where the entanglement network and the reversible associative network superpose [12] .
In close relation to the work presented in the paper, we would like to stress on heterogeneity in associative polymer solutions: heterogeneous states in such systems are quite often encountered, because of the delicate balance between association and phase separation in these materials [9] . Moreover, the presence of a few polymer chains bearing numerous (a few tens) hydrophobic groups, in "commercial" associative samples like those studied in this work, is expected to result in the formation of clusters of associating polymer chains, namely microgels. Indeed, we have proved that hydrophobically modified (hydroxypropyl) guar solutions are heterogeneous above some concentration. Evidence of the presence of numerous hydrophobic domains was extracted from rheological data: samples clearly exhibit two phases after centrifugation, i. e. a low viscous supernatant and a bottom of a 10000 times higher viscosity. Moreover, direct microscopic observations have proved that these hydrophobic domains have a characteristic size of the order 10 µm to 100 µm. The study of heterogeneous states in hydrophobically modified (hydroxypropyl) guar solutions will be published elsewhere in a near future.
RHEOLOGICAL MEASUREMENTS
All rheological measurements were carried out at 25°C using a Carri-Med CSL50 constant stress rheometer in the parallel plate configuration, with a diameter of the plate of 4 cm. This geometry was used with different surface conditions:
-smooth surfaces, that is without any treatment -roughened surfaces with waterproof abrasive paper of equivalent roughnesses of about 100 µm
Given the time-dependent nature of the rheology of associative polymer solutions, care was taken to ensure reproducibility by following a rigorous experimental protocol: each stress is imposed during 1000 s, and 1200 s separate two successive imposed stresses. Indeed, results of steady shear and restructuration experimental tests show that such durations are needed to have reproducible results, as shown by Aubry and Moan [12] .
RESULTS AND DISCUSSION
The flow curve of a 1% w/w hydrophobically modified (hydroxypropyl) guar aqueous solution is shown in Fig.1 . The essential features of the flow curve of the associative polymer have been discussed in a previous work [12] . The very strong shear-thinning behavior, looking like a near discontinuity in the flow curve, has been attributed to the reversible network of hydrophobic intermolecular junctions, which has no time to reform on time scales shorter than the lifetime of the associations.
The study of the gap-dependent viscometric properties of the samples mentionned above has been carried out in the shear stress range from 5 Pa to 40 Pa. Fig. 2 shows the velocity profile at the disk rim in the parallel-plate geometry, in the presence of wall slip. The effect of wall slip in parallel-plate geometry has been investigated by Yoshimura and Prud'homme [8] and by Wein [17] . For narrow gap separations, the stress is shown to be nearly constant across the gap at any particular radial position. At the disk rim, the measured apparent shear rate, γ · aR , then differs from the actual shear rate, γ · R ; and the apparent slip velocity, u s , postulated to be the same on both plates and to depend only on the shear stress at the rim, t R , is given by the Mooney equation [18] (1)
where h is the plate separation, namely the rheometer gap; W the angular velocity of the rotating disk, and R the plate radius. A plot of γ · aR as function 1/h of will therefore be a straight line with slope 2u s (t R ). Fig. 3 is a plot of measured γ · aR against 1/h for a 1% w/w non-modified (hydroxypropyl) guar aqueous solution, using smooth plate surface. It shows that no gap-dependent apparent shear rate has ever been measured with the precursor. Fig. 4 is a plot of measuredγ · aR against 1/h for a 1% w/w hydrophobically modified (hydroxypropyl) guar aqueous solution, using smooth plate surface; the gap spacings have been varied from 100 µm to 1. observed with the precursor, Fig. 4 shows that measured shear rates can be gap-dependent with the modified polymer. A near affine dependence of apparent shear rates on the inverse of the gap is obtained, as described by Eq. 1, for stresses greater than about 20 Pa; whereas no significant gap-dependent shear rate has been measured for stresses below about 20 Pa. Therefore, the apparent slip phenomenon exists only in the presence of intermolecular hydrophobic asso ciations within the polymer solution.
Eq. 1 has been used to determine the values of the apparent slip velocity, u s (t R ), and the actual shear rate, γ · R , as a function of the imposed shear stress. The slip velocity results, plotted in Fig. 5 , show that significant apparent slippage is observed in the discontinuous shear-thinning region of the flow curve and that it is a nonlinear function of the shear stress. The apparent slip velocity, which is not measurable below about 20 Pa, increases with increasing imposed shear stresses, up to about 2.3 ± 0.2 mm/s at 40 Pa. Such slip velocity is not negligible at all; indeed, the "extrapolation length", defined as the characteristic distance from the disk surface to the surface at which the velocity extrapolates to zero [19] , is about 500 µm, that is of the same order of magnitude as the rheometer gap.
Apart from the quantitative study of slip phenomena, rheometrical investigation of qualitative gap-dependent effects has been carried out. For gap spacings between 50 µm and 100 µm, rheological measurements have been proved to be erratic, mostly characterized by a series of stick-slip behaviors. Below 50 µm, it was even impossible to achieve viscometric measurements. Such behaviors are expected insofar as the samples studied are known to be heterogeneous on length scales of the order of a few tens of microns, that is the characteristic size of the microgels within the solution (see Section 2.1).
Evidence of apparent slip has been extracted from rheological results presented above, but the likely physical mechanisms for slip are questionable. According to us, two different explanations for apparent slip, presented below, can be envisaged a priori:
• The presence of microgels could explain the existence of apparent slippage in the drastic shear-thinning region of the flow curve. Indeed, once the reversible associative network is destroyed, that is on application of a critical shear, the microgels are free to move like soft particles in a low viscous dispersing medium. Therefore, under such conditions, the solutions may have some mechanical properties of suspensions, and may consequently exhibit apparent slip by depletion (lower concentration of microgels at the wall), as observed in the rheology of many multiphase systems [20] .
• Apparent slip might also be a mechanical signature of material instability in the bulk, characterized by the existence of shear-banded regions above some characteristic shear rate, as reported in the case of solutions of giant micelles [21] . For the systems studied in the paper, the characteristic shear rate would be the inverse of the average lifetime of an association, which marks the onset of the discontinuous shear-thinning behavior. Moreover, the existence of such instability would be in accordance with the (pseudo) double-valuedness in the constitutive behavior, experimentally observed in the discontinuous shear-thinning region of the flow curve [12] .
In order to investigate whether apparent slip is more likely due to wall slip or to slip within the bulk fluid (material instability), roughened measuring plates have been used. Disks with a roughness of about 100 µm have been proved to eliminate slippage, at least within experimental errors. This result tends to prove that apparent 34 Applied Rheology January/February 2000 slip occurs at the polymer-wall interface and not in the polymer bulk, which is in favor of slip by depletion at the walls. Moreover, tests with only one plate roughened have clearly proved that polymer slips on both disks. The true flow curve, that is the one taking into account the actual shear rate at the rim, t R , (calculated from the results plotted in Fig. 4 ), has been compared to the apparent flow curve at a gap spacing of 500 µm in Fig. 6 and in Fig. 7 , so as to evaluate more directly the influence of apparent slip on rheological results. These data show that the actual shear-thinning region is smoother than the apparent one, but is still a rather marked nonlinear region. Therefore, this result does not question, but rather qualify the microstructural interpretations of the non-linear rheological properties of hydrophobically modified (hydroxypropyl) guar solutions given in our previous paper [12] . Microgels certainly do not play a key role, contrary to that played by the reversible hydrophobic network, in the rheology of such associative polymers; however, they certainly cannot be ignored since they can perturb and modify some rheological results, at least in the shear region where the associative network is destroyed. Thus, from a rheological point of view, at high shear rates or stresses, the system cannot be seen simply as nearly similar to the precursor, but has to be considered rather as a suspension of soft particles in a precursor solution
CONCLUSION
The study of gap-dependent effects in a moderately concentrated hydrophobically modified (hydroxypropyl) guar aqueous solution has shown that apparent slippage occurs in the drastic shear-thinning region of the flow curve. Slip phenomena have been shown to be due to the hydrophobic modification of the polymer chains and have been attributed to the presence of microgels, that is clusters of associating chains which bear a few tens of hydrophobic groups. The existence of microgels, expected to be frequent in "commercial" associative polymer solutions, can influence the linear and the non-linear rheological properties of such systems. Indeed, microgels give a colloidal nature to the system, and behave like soft particles in a low viscous nonassociative medium, once the associative network is destroyed. Apparent slip has been shown to disappear when using measuring plates, with roughness of about 100µm, that is of the order of the characteristic size of the microgels.
Future work on the associative polymer solutions studied in this work should address microscopic characterization, via visualization techniques, of the heterogeneous states under flow conditions. Such investigation has just begun at the laboratory, where microgels have been observed during shear experiments. The first results, not presented in the paper which is devoted to mechanical investigation, have confirmed the existence of apparent wall slip by the study of the kinematics of microgels close to the walls. 
